The impacts of comet D/Shoemaker-Levy 9 into Jupiter provided the first chance to actually observe the effects which may be important in causing mass extinctions. The widely predicted global deposition of dust, leading to the phenomena associated with 'nuclear winter', was readily observed, although Jupiter's internal heat source causes a different response deep in the atmosphere than occurs on Earth. Less widely anticipated, despite recognition that global wildfires occurred during the K-T event on Earth, was the fact that material ejected above the stratosphere fell back onto the stratosphere producing a major heat pulse over a scale of 10 4 km, by far the most easily and widely observed phenomenon during the impacts.
INTRODUCTION
The impacts of D/Shoemaker-Levy 9 (hereafter SL9) into Jupiter have provided unique information about the phenomena associated with the impact of large bodies onto a planet and they therefore provide us with unique information about the effect on life of impacts by interplanetary bodies. Figure  1 , from Spencer and Mitton (1995) , shows the debris pattern from the impact of fragment G superimposed, at the same linear scale, on a photo of Earth, illustrating dramatically that the effects of such an impact on Earth would certainly be global in nature.
We will also show that these impacts would have had a major impact on life.
In order to relate the phenomena associated with the impacts on Jupiter to possible impacts on terrestrial planets and their consequent effect on life, we will first consider the phenomenology that occurred on Jupiter, emphasizing phenomena that would have been global on an Earth-sized planet. To generalize from this specific case to a more general case, we will consider how the phenomena scale with the size of the impactors and what were the sizes of those impactors. We will then consider briefly the other factors that will differ for an impactor on Earth and investigate the implications for life on Earth.
PHENOMENOLOGY AT JUPITER Entry and Local Effects
There are several details of the observations which are still not understood or about which investigators disagree but the following overall picture, except where otherwise indicated, explains most of the observations and is agreed to by a majority of investigators.
The impacts of the 21 large fragments all occurred at a latitude near 45° South, with the fragments of the comet moving roughly north, parallel to Jupiter's rotational axis. The fragments therefore entered the Jovian atmosphere at an angle of roughly 45° from the vertical. The spacing between impacts was not uniform but averaged near 8 hours, about 3/4 of Jupiter's rotational period, thus distributing the impact sites widely in longitude on Jupiter. The impact sites were all just behind the dark, southeastern limb of Jupiter as seen from Earth while the sunrise terminator was somewhat in front of that same limb. The phenomena associated directly with the impact processes lasted several tens of minutes, during which the impact site rotated first onto the dark, front side of Jupiter and then into sunlight. The details of the circumstances have been presented by Chodas and Yeomans (1996) .
Many pre-impact models of the phenomena predicted that there would be a very bright flash as the bolide passed through Jupiter's uppermost stratosphere.
This flash should have been directly visible from Galileo and, at least for some impacts, should even have been visible from Earth in reflection from well-placed Galilean satellites. Despite a number of tantalizing reports of observed flashes which are still not well interpreted, it now appears that the flashes of the incoming bolides were significantly fainter than originally predicted and it is unclear whether any were actually detected. There is also still some disagreement about the depth in Jupiter's atmosphere to which the bolides penetrated but most investigators agree that large bodies, whether single bodies or residual fragments of large bodies or coherently acting clusters of smaller bodies, penetrated at least to the visible cloud tops.
The first phenomenon clearly detected in multiple events was the fireball rising in the atmosphere.
This was initially optically thick with a "surface" temperature of at least 2000K, although it rapidly expanded, cooled, and became optically thin as it rose. At least initially the fireball traveled upwards at 45° from the vertical, following the entry track of the bolide. Due to a combination of the entry velocity's deviation from north and the rotation of Jupiter, the effective entry track was oriented toward the NE quadrant so that the fireball rose toward the SW.
The fireball was first seen from Galileo, and when it rose high enough to be seen at the limb of Jupiter (at which time it was already optically thin), it was readily detected by infrared observers on Earth. When the fireball rose even higher, in what has generally been termed a plume, it reached high enough to exit from Jupiter's.
At this time there were clearly solid particles in the plume to reflect sunlight and these were easily seen from Earth at visible wavelengths. Figure 2 shows two sequences of images from HST showing first what is probably the thermal emission by the fireball (first panel for impact G, there is some chance that this could be the impacting bolide rather than the early fireball) and subsequently the reflected light from the dust in the plume (remaining panels for impact G and all panels for impact W). Figure 3 shows Earth-based lightcurves at infrared wavelengths, in which the features labeled first and second precursor correspond respectively to the thermal emission from the fireball and the reflected light from the grains in the plume.
The plumes from all impacts for which HST images were obtained reached similar heights implying that the fireballs were all driven upward at the same velocity (12 km s -1 vertically or 17 km s -1 along the 45° slanting path), independent of the size of the impactor.
According to models, the amount of mass in the plume is a few times the mass of the impactor and includes nearly all the material of the impactor itself.
Different investigators have found different words to describe the reason for this, although their qualitative explanations are not at all inconsistent with one another. Zahnle (1996) has explained this as due to the fact that larger impactors penetrate more deeply and therefore must lift more atmosphere; Crawford (1996) has explained this as due to the fact that the specific energy (energy per unit volume) deposited in the entry column is independent of the size (In his numerical simulations the diameter of the entry column is proportional to the diameter of the impactor and the length also varies with the diameter, thus accounting for the varying incoming energies, ∝ d 3 , with constant specific energy deposition); Mac Low (1996) has shown from his numerical simulations that the maximum upward velocity is controlled primarily by the shape of the vertical profile of energy deposition rather than by the amount of energy deposited (i.e., it is controlled primarily by the atmospheric structure).
To this point, all the phenomena can legitimately be considered to be local and therefore unlikely to affect the evolution of life on a planet. Although clearly catastrophic for any life forms in the immediate vicinity, the fireball itself is only tens of km in diameter and the effects of the fireball and plume are limited to within hundreds of km. Once the material in the plume reaches its maximum altitude and begins to fall back, the phenomena undergo a clear transition from being primarily local to being global.
Fallback and Global Heating
At some point, the motion of the rising fireball must have deviated from the track of the incoming bolide and risen more nearly vertically since debris, although most abundant in directions comparable to that expected from the incoming direction, was seen in all directions to similar radii, of order 10,000 km, around the sites of the larger impacts. None of the models has quantitatively explained this circular distribution although models are able to describe the predominant debris in the direction of initial ejection. The material of the plume falls back down and stops when it hits the stratosphere at a level corresponding to pressures of order µbars. It's kinetic energy is converted primarily into heat in the stratosphere.
The most slowly moving material and material ejected at shallow angles falls back first, closest to the impact point, and as time goes on, the faster material falls back at successively larger distances. This spreading as the later material falls back is shown quite clearly in the last two panels of the sequence for fragment W in Figure 2 .
The fallback, or splash, provided the most dramatic signals seen from Earth, the feature labeled 'Main Event' in the lightcurves shown in Figure 3 . This main event was a major contributor to the signal seen from Galileo at all but the shortest wavelengths, indicating that its brightness relative to the precursors as seen from Earth was not merely an artifact of geometry, although the rotation of Jupiter between impact and splash clearly enhanced the effect seen by Earth-based observers. The fact that this main event came as a surprise to virtually everyone illustrates particularly well the erratic way in which scientific insight progresses and is driven by observations even in the presence of good theories. Jay Melosh and collaborators (Melosh et al. 1990) had predicted earlier in the context of the K-T event that the fallback was a major factor and probably the source of global ignition of wildfires but he simply did not make the logical connection to predict its brightness in these impacts (Melosh, private communication) .
Similarly, Mac Low had carried out calculations in advance showing the fallback and a subsequent bounce back to high altitudes.
He stated publicly that radiation would probably damp the bounce but he also failed to make the obvious connection that this infrared radiation of the splash would be the most easily observed phenomenon (Mac Low 1996) . This radiation, however, may well be the single most important global effect on the evolution of life.
It is clear from the excitation of emission lines of various species that at some point the gas in the plume and/or splash was heated to very high temperatures, probably as high as 2000K, but this is an excitation temperature of stratospheric material which emits only in discrete emission lines and which therefore does not have a direct impact on life below the stratosphere. For our purposes, it is more important to estimate the effective black-body radiation downward from the splash. Figure 4 , from Nicholson (1996) , shows one out of several different fits of black-body spectra to different observed spectra to estimate the black-body temperature of the splash. Nicholson estimates a black-body temperature of 700K but notes a significant uncertainty in his own result as well as the range of estimates from other authors covering roughly 500K to 1000K. An examination of the lightcurves in Figure 3 shows that this phase lasts tens of minutes. If the radiating region were optically thick, and if we were to directly move this impact to Earth (but see the subsequent discussion of scaling to Earth), the entire surface of Earth would be baked at 700K for tens of minutes.
In reality, however, the radiating region is certainly not optically thick for tens of minutes.
Nicholson estimates, from the spatially unresolved flux at 10µm and the above temperature, an optical depth ¥ area product of order 10 5 km 2 . Clearly this number is very uncertain since the flux per unit area depends sensitively on the already uncertain color temperature but even the scenario itself is inappropriate since it clear, e.g. from the last two panels in Figure 2 , that the region is expanding in time.
A proper interpretation of these observations will require a detailed model but a reasonable scenario is that there is an annular region of optical depth of order 10 -1 to 10 0 which expands outward, with the optical depth decreasing as the radius of the annulus increases.
A simple spatial and temporal averaging of Nicholson's result over the entire impact implies an optically thick black-body oven for a time of order a second over an area comparable to the entire Earth.
Thus in the terrestrial extrapolation the entire surface of Earth is heated for tens of minutes but only for tens of seconds or less is any particular region trapped in a 700K oven. Because of the T 4 dependence of the radiation and the significant uncertainty in the actual temperature in the impact area on Jupiter, the effect is quite uncertain. Nevertheless, these high temperatures can be expected to have a major effect on any life forms exposed on the surface of Earth.
Clouds and Global Cooling
The other effect of these impacts which can be considered global in extent is the formation of extensive clouds which in turn affect the availability of sunlight and thus the surface temperature for more than a year. Unlike the heating by the splash, this phenomenon had been widely predicted in various contexts and the phenomenon is generally know as nuclear winter, the cooling that would occur due to clouds after an all-out nuclear war (which releases a comparable amount of energy). The subject was recently reviewed by Toon et al. (1994) .
The nature and amount of the material in the clouds is not well understood.
Clearly there was solid material in the rising plume by the time it reached the edge of Jupiter's shadow since it is generally thought to be the shadow that defines the lower boundary to the clouds in figure 2. More material may have condensed later. The most careful analysis thus far of the material in the clouds is that of West (1996) .
He has used an atmospheric scattering model, observations of the spectral reflectivity from the ultraviolet (2750A) to the near-infrared (8890A) of the cloud regions, and observed strengths of absorption lines for which there are good models in the clear atmosphere to determine the optical depth and the index of refraction of the particles. He finds that the dark cores of the impact areas are very optically thick at all wavelengths when they are formed but again these are local phenomena. For a 17°-wide band of latitude including all longitudes, he finds an ultraviolet optical depth that decreases with time, passing unity in the first week after the impacts, and a nearinfrared optical depth that decreases immediately after formation but the then increases back to 1/4 in the month after formation.
The individual particles are not dark so that they will scatter sunlight back to space thus leading to a significant cooling on a planet whose surface temperature is controlled by sunlight (on Jupiter the tropospheric temperature is controlled largely by the internal heat of Jupiter so the consequences are very different than on Earth).
The index of refraction (deduced assuming spherical particles and Mie theory) has a small imaginary component which decreases with wavelength. At the time of West's work, his index of refraction did not fit any published results for materials in the laboratory, tholins having the correct spectral shape but far too much total absorption. Since then Wilson and Sagan (1996) have show that an extract of organics from the Murchison meteorite can fit West's results. Unfortunately, using Mie theory and broad-band colors can never provide unique identifications of solids. The colors can be affected by the size and structure of the particles and even with a good fit the material is not, in general, uniquely identified.
West argued that the presence of a silicate emission band at 10 mm, which could be explained if 10% of the grains were silicates, suggests on abundance grounds that the material of the grains is primarily from the comet but this is not a firm conclusion and some have argued that organic materials, such as those suggested by Wilson and Sagan, could be produced by shock chemistry of Jovian atmospheric gases. Only the gaseous chemistry has been modeled (e.g., Moses 1996) but these models do not require cometary materials to provide the dominant source of gaseous material.
Long-Term Chemistry
It is unclear whether there would be long-term chemical changes in a planetary atmosphere that would have global effects.
Most of the chemical changes in Jupiter's atmosphere are no longer detectable because of a combination of dilution by mixing and restoration of photochemical equilibrium. However, at least two species, HCN and CS, have persisted for more than a year. This is predicted by models (e.g., Lellouch 1996) but we stress that these species are in the stratosphere.
Whether such chemical changes could be significant for life is an open question.
SIZE AND MASS OF THE IMPACTORS
There is still dispute about the sizes and masses of the fragments of SL9 that impacted Jupiter since there are no definitive measurements of either mass or size and there are many ways of estimating one or the other indirectly. We must remember that mass, density, and size are intimately related and that most approaches to the problem constrain one or another of the parameters but, e.g., a constraint on the size can not be directly translated to a constraint on the mass without assuming a density. Simultaneous constraints on two of the three variables do not exist. In terms of scaling observed effects to Earth, it is of course the size or mass of the individual fragments which is relevant, but many of the discussions revolve around the size of the original body before fragmentation.
HST Measurements of the Size
The most nearly successful attempt to directly measure the sizes of the fragments was that of Weaver et al. (1994) who used the high spatial resolution in the HST images of the comet to attempt to separate the nucleus photometricly. Since the nuclei were too small to be spatially resolved even with HST, Weaver et al. fit a power-law profile to the coma well outside the PSF of any nucleus and extrapolated it to the center of the image. They then added the PSF of a point source and fit various combinations of point source and coma to the entire radial profile. Assuming a low albedo, similar to that for the few comets for which albedos are directly measured, they estimated that the effective diameters of the largest fragments were a few km.
Unfortunately, the coma contributed too much light to the central pixels to allow a clean, photometric separation of the central point source from the coma so these results are extremely uncertain and perhaps best interpreted as upper limits near 4 to 5 km for the diameters. Sekanina (1995) has independently analyzed the same HST images and also deduced diameters near 4 km for the largest fragments as well as the presence of sizable companions, with diameters of order 1 km, in the immediate vicinity of some of the large fragments.
Breakup models
Models for the breakup of the comet represent an area of wide disagreement and provide the widest range of estimates of the size. These models differ because of differing assumptions about the structure of the comet and about the importance of various processes during the breakup.
The fundamental differences revolve around the question of whether the original cometary nucleus was or was not strengthless, i.e.., bound purely gravitationally.
All models are capable of explaining most but not all of the observations so the choice among them is difficult.
Even the models which invoke material strength (e.g., Sekanina 1996 and references therein) require that it be low compared to that of typical solid materials on Earth, but the strength is still comparable to the gravitational binding energy and thus still important in understanding the tidal disruption. Sekanina, who is the strongest proponent of this model, concludes that the parent body had a diameter of roughly ten km and that the largest fragments had diameters of order 2 km. The strongest argument against this model comes from the models of the rising fireball and subsequent plume which appear to require that the individual bolides have a diameter of order 2/3 km.
The original argument for a strengthless model (Asphaug and Benz 1994) , consisting of a gravitationally bound swarm of smaller bodies (tens to hundreds of m in size), was that a strong material would necessarily disrupt hierarchically, splitting successively in halves as the comet approached Jupiter and this would have required that the first splitting occur too far from Jupiter to disrupt even a strengthless body.
This completely ignores inhomogeneities within the body which, together with rotation, would allow the body to fragment along weak points in a very non-hierarchical manner. I note that the existence of inhomogeneities only removes one of the original motivations for strengthless models -it does not bear on the validity of the strengthless models themselves. The strongest argument against the strengthless models is that they are much harder to generalize to other comets, particularly the comets which fragment far from any tidal force. They are also incapable of producing subsequent fragmentation of SL9 after the 1992 perijove and thus require a different interpretation of the "off-line" fragments that were wimps. Models of the impact and the subsequent fireball clearly suggest that the larger fragments had a diameter of order 2/3 km at the depth where most of the energy was dissipated, clearly in disagreement with the sizes of the fragments deduced by Sekanina. Sekanina (private communication) argues that his larger fragments would themselves have fragmented severely during atmospheric entry such that the largest remaining piece of each fragment was smaller than 1 km. This may seem an ad hoc argument but the phenomenon is observed for much smaller bolides in Earth's atmosphere.
My personal bias is that it will be easier to resolve the problems with Sekanina's models than with the gravitationally bound models but the subject is clearly still open to considerable debate. It is, however, extremely important for estimating the frequency of similar events on Earth since 2/3 km bodies impact Earth far more frequently than 2 km bodies.
SCALING THE PHENOMENA TO EARTH Empirical Scaling Laws
Before scaling these impacts to Earth, let us address the question of scaling the various phenomena with size of impactor since this is what allows us to estimate the frequency of catastrophic events elsewhere.
Although the actual size and structure of the impactors is quite uncertain, let us first assume that the internal structure of all the fragments was similar and therefore that the brightness of the cometary fragments was proportional to the total cross-section, whether each was a single, large body or a swarm of smaller bodies, and thus to the 2/3 power of the mass of the fragment. Figure 5 shows the relationship between the cometary brightness and the luminosity of the "main event", both the peak luminosity per unit time and the integral of the luminosity over time, as observed from Galileo (to eliminate the geometrical dependence as seen from Earth). The two straight lines in the graph have slopes of 1 and 3/2 and it is clear that the first provides a reasonable average fit to the peak luminosities and the latter a reasonable fit to the integrated luminosities. A similar but less quantitative relationship is also evident (A' Hearn et al. 1995) if one considers the "impact class" from Hammel et al. (1995) .
These two correlations are consistent with the discussion of the fireball models above in which the energy deposited per unit depth in the atmosphere is proportional to the incoming cross section and the depth variation provides an additional square root term which appears in the duration of the event. There is, however, substantial scatter about the straight lines which presumably reflects variations in the internal structure. Sekanina (1996) has pointed out that the events with smaller than 'expected' flashes (and less extensive debris) are systematically those produced by fragments which split from other fragments well after the initial breakup in mid-1992 and which did not lie along the line defined by most of the bright fragments. This is an indication that these wimps might be physically different.
Differences at Earth
The first and perhaps most significant difference for an impact at Earth is due to the difference in impact velocity. Instead of impacting at 60 km/s (the escape velocity of Jupiter), a similar object would impact Earth at a velocity of 15-20 km/s (a combination of Earth's escape velocity and differential orbital velocity), thus reducing the energy deposition by an order of magnitude for a body of fixed size. The same energy would therefore be delivered by a comet which is larger by 10 1/3 , i.e., 1 1/2 km or 4 km depending on which model of SL9 is correct.
Alternatively, an asteroid with density 3 g cm -2 would have to have only a marginally higher diameter than the relevant model of SL9 to deliver the same energy. For a discussion of the frequency of such impacts, the reader should refer to the series of articles, by various authors, in section III of the 'Hazards Book' (Gehrels 1994).
Another significant difference at Earth is in the nature of the impactee.
The fragments of SL9 reached an atmospheric pressure level of one bar or greater and, as we noted, the qualitative behavior of the fireball is determined in large part by the vertical density profile of the atmosphere, and to a lesser extent on factors such as the opacity of the atmospheric gases at high temperatures. These factors are all very different on Earth.
The pressure scale height of Earth is significantly smaller than that of Jupiter so that the energy will be deposited within a smaller vertical distance. Moreover, such an impact at Earth would reach the surface before stopping, thus changing the details of the physical processes dramatically.
Furthermore, the upward velocity of the most rapidly moving material from the SL9 impacts actually exceeded Earth's escape velocity by a small amount and this would reduced the fallback in the case of an impact on Earth.
The composition of Earth's atmosphere, as well as the compositions of all other terrestrial planets, is dramatically different from that of Jupiter. While this has small effects on the nature of the rising fireball in the early stages when it is optically thick, it is more important for understanding both the possible long-term chemical changes in the atmosphere and the nature of solid particles produced. Since Moses (1996) found that the observed changes in chemistry could basically all be explained as shockinduced chemistry of Jovian atmospheric material (but not excluding the possibility of significant contribution from cometary material), the chemical results are likely to be totally different on Earth or any other terrestrial planet. The clouds themselves are more important for the global effects on life but here it is unclear whether the particles in the clouds are produced mainly from the ambient atmosphere as suggested by the calculations of the gaseous chemistry by Moses or mainly from the incoming cometary material as suggested by West's (1996) interpretation of the silicate feature in the dust.
Summary
The impacts of SL9 have made dramatically clear for the first time the importance of the splash of material onto the top of the stratosphere as a source of significant, short-term, global, disruption after a large impact.
They have also confirmed dramatically the importance of the "nuclear winter" scenario after a large impact.
The tremendous modeling effort devoted to explaining the observations has also clarified considerably the physical processes involved in a major impact. However, the physical differences for impacts onto Earth make it impossible to scale the results simply to Earth.
